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Su m m a ry
M itocho ndria po 郎e8S a V ariety of
in both, in ne r and ollter me mbr a nein
tlleir ta.sk8 in m etaboli8 m. Sev er al
chaTm e18 aS the he at sho ck pr oteins
s e m to ha v eno similar c ounte rpart
io n cha n n els
o rdertofulfill
of th8 B eion
TIM o rT O M
in the phB na
m embra ne while others asV D A Cor KAでP -Cha nnel
ha ve. Pr ogre s sha8 bee n m ad8 tO descri be the diffe-
r e nt ion cll白.n n els in mito cho ndria by intr oducing
the po w erftl patch-cla mp te clm iques to t】1is field
of rese a r血 tho1ghthe pictur e see ms farfr o mbeing
co mplete a nd fllrther ch n ne18 may be fotlnd. A
key r ole will be played by ye a8t mito cho ndria dll e
to the im porta n c eof yea st c ells aS a n e Xpre 8 Bio n
By畠te m . T he functio n of m ost Of the chan n els
described so fa ri昌 n Ot u nd6 r8tOOd in a.etai 1, ho w ev er,
tran smission of m etabolite8
, Protein iz npo rt, v olll m e
r egnlatio n, a ctiv atio n of apopto8i6, a nd te mperatllre
r egulation m ay b8 S Om e Of the m.
In tr odu ction
Mito chond ria a re the site of oxidativ e phospho-
ry18tion . Cycle by cycle each r e spir atory chain is
driving thre eproto n s ollt Of the m atrix into the
cyto8 01, This flo w catlB eS a proto n gradient as w ell
a s a mitochondrial r esting potentialof 160-200m V
(inside･n egative). The protons a r ethus pushed back
into the matrix mo stly llS l ng the pa.thw ay through
the.A T P
-synthase(M itchell, 1966). For 畠Om e tim e
it w asthotlght tlla七 thi畠 COnStit11ted the o nly w ay
back i71tO the 血 atriⅩ forthe proto ns. Late rit w as
foll nd that there e xi8tB a Short circuit of this
pathw ayin brow n adipo cytes, the unc oupling pr otein .
By n ow w8 think that the u n co upling pr oteini8 not
a chanTlel but a tra n sporter With stru ctu ral simi-
laritiesto the pho8phate c a r rie r a nd othe r mito -
c】10nd rial tr ansport Pr Otein8. Ne vertheless, it m ay
exhibit c u r rents with conBider8.ble 飢ngle･cha n nel
c o ndllCta nCe Whe n s witching into a cha n n el m ode
under a rtific al co nditio n 与 a占 W 8 S Sho w nby Hu a ng
a nd Klinge nberg(1996). Thelatter h 8 be en ob馳r V8d
for わther dar rierB, too(cited in Bore cky et &1リ
1997).
Today w e know that the tightness Of the in ner
m e mbrane a spo stulated by M itchell(1966) & s &
basi白 forh18 Chemios m otic theory do es n ot 8ⅩCltldo
the pre s enc e of a la rge nlユmber of io n cha n nels
(Ma n n ela , 1992). Their po8畠ibility to gate the io n
flow m ay be ev
l
e n a n adv antage o ver co n ventions.1
traTI BpOrte r Sin this re spect. T hus there ar eio n
chan nels c o nducting a nio n s, c &tio n8(in thi白 C aSe
pota 郎in m chan nels Which m akesthe m m or eimpor-
ta nt &s theseion畠 are abundant especially at the
o utside of the m e mbr a n e), a nd fin ally ther e 且re
e v8n Chan nels that are s olarge that they are.miBS･
1ng a ny 畠electivity.
The o ll七e r m e mbra n e c o ntain B 畠O m any aLnd 80
large Cha nn els thatit is diffictllt to c o n8id8r it a
ba rie r at al1. Ne ve rtheless, w e ha veto aB畠tl m e
that atleast u nder s om e c o nditio n白it m ay be 8 n
impo rtant obstacle fo rflo w lng lo n島. Otherwise e.ど .
the ability of the V D A Cto w ork eitherin 畠tate 8
in which alm ost all io n s up to a Bil e of 1500 k Da
a r eco ndu cted or ill anothe r state in which it i8
selective fo r sm al lc atio ns o r, final ly, to close
com pletely w o uld hardly hav ebeen c o n s er v edthr o ugh
large parts Ofthe hi8tOry Of o rganis n B. This re view
willgive ab ri与f introductio ninto the Significa nc e
of single cha n nel m e a8tl r e Tne ntS for fu rther el11Cidat-
1 ng the role of io n chann el占 fo rthe fu n ction oft he
mito cbo ndria .
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M ethods
W hile m ajo r part of the irlfo rTn ation abo ut
mitocho ndri8.I io n fl11Ⅹ帖 COm 8Sfr o m w ork do ne
with dy朗 8e nBitiv8 tO Ce rtain io n s 0r VOltage-se nsi-
tivedyes, by m e astlrlng VOlu m e chazlgeSby cha nge8
in light 8C attering, o r 白imply by m ea surirlg Cha nges
in the io n co ncentr atio ns, a n m o r edirect ap proa ch
beca m epOS白ible by intr odtlCing patch･cla mp m ethods
fo r studying flu 又esinto and o ut ofthese o rg& n elle8,
So rgato et al. (1987) w ere tl一e first tO Sho w that
gia nt mitocho ndria of r ats fed with the cop per
chel&tor cupri之O nO W erelargo en o ughto su cc8SSfu11y
ap pro ach a patch pipett8 tO their in n8r m e mbrane
after r e m o ving the otlter m e mbr a neby 80 nication,
DtletO a pO 占8ible impact of ctlPriz o nefeBdiJlg On
mitochondrial fur)ctio n Sie m e n and KlitBCh(1991)
u sed th8 e xceptio n ally la rge mitocho ndri& of bro w n
adipo cytes in8te ad.
hy poto nic treatm e nt
to s w ell dr aBtic ally
th8 in ner m 8 mbr & ne
the o uter m e mbr a ne,
Stillthey had to ap ply a
which c a uB8d the mitochondria
thuさ u nfolding th8 Cri8t,a e Of
a nd at the S a m etim 8 rupttl ring
M itocho ndri8･ a r e Prepared in differe nt w ays.
In g8n er 81 th8y a.r e modific ation s of a sta ndard
pro c8du rein which starts with hoTn Ogenizing the
cell畠 in a s ucr o 那卜rich m ediu m a nd re m o ving m u ch
of the diluted cell 1ys ate by 8. fa st Centrifugatio n
(ar o u nd 9000Ⅹど). M ito cho ndria arethe n 8epa∫ated
by a Blo w ce ntrifug8tio n(800Ⅹ g)after which they
appe arin the supern at nt. Centrifllgation a cr os s a
畠uCrO 珊 gr adient m 8.y be do nein orderto Sepa rate
differe ntfr actio n s. Fin ally, the 8 uCrO 8 emediu m is
w ashed off by abo ut tw o fast Ce ntriftlgatio ns
(a ro u nd 9000Ⅹど). T he re s ulting znitocho ndria c an
be stored on icefor tip tO48 hollrB.
Prio rto llS e, they are tr a nsferred into a hy poto nic
畠01ution fo r 叩 tO tW O minutes. After this tim e
this 8 0lution i畠 filled up by a hyp8rtOnic 白Ohltio n
im order to restoreisotorlicity. If desired, r em o val
of the o uter m e mbra n e m ay be im pr o ved by a mi 1d
昌O nic atio n pro c edllre. After t】1is tre atm e nt very
fr agile 8Phe r田 are fou nd which c an be viewed in
phas e co ntr ast, The size of thesemitoplastB i畠 in
m ajority arotlnd 3〟 m . T hey ar e thtl畠 tOO Sm all for
patch cla mplng becau s ethe m ea n pipette diam eter
at its tip is alre adyO.5LL m. How ev e r, a certain
n u mber of mitoplasts is la rge r with diam ete r s of
tip tO m oreth&zl O LL m , Thesel乱rger mitopla 8t8
a.r e u s edbei喝 a W &re Ofthefact tht thus a certain
fra ctio n of the organ e11e包 m ay b8 Selected. Vesicle8
of the in ner r n e mbra D8 C a nbe rec ogmi8ed by &
s urpri81ngly r ollnd Shape and a black Spot rePreB e nt･
ing m o8t likely the 氏re a Wherethe o uter m ernbr 8r18
a nd the in ner m &rnbra ne adher8 and kno w nto b8 a
r egl On Of ve ry high tr a nsport activity. They W e re
dubbed
"
c ap
”
. Ap pr oa ching patch pipettesfro mthe
Side of this C ap reglO n r8S ult8 Very Oftenin m eaBtlr-
lng activity of a V D A C, pr obably due to the fa ct
that re m niLntS Of th8 01ユter m 8 mbra neprefere ntially
adhereto thi8 C ap r喝io n.
lo n ch8 nn OIs in the o ute r mit ocho ndri8l
m e mbr ∈ln e
Th8 0tler m e mbr a nei8 W ell kno wTl fo rits 8 0･
called sie v8fllnCtio n. Ne v8rthel舶 S the pr ominent
cha nnels 8ho w v oltage depe nd8 nCe a nd the v oltage
acro 8 8the o uter m e mbrane m ay cha nge to 8 m all
e xte nt. Als othe m em bra.nQ rn tlSt be al〕le to dis-
cri min ate betw ee n e.ど. thosepr otein8 Which are tO
be imported into tho mito cho ndria and those Which
arenot. Tht18 there are io n chan n els pre s e nt in
fairly highdet18ity: i)the v oltage depende nt anio n
chann el(V D A C)which is dearly the best Char acter-
ized mito chondrial io n cha n nel 8.t all
,
ii)a300pS
c ation channel, 温)the 8 0-C alled peptide･B en Bitiv8
cha n n elthat c anbe blo cked by targeting seq118n Ce S
of pr otein8, a nd fin ally iF)T O M(O M stands for
oute r rn eT nbra n e), a c o mple x of heat shockprotein8
which are u sed forpr otein impo rt and which ha ve
a c o u nterpart(TIM)in the in n er m e mbraTle. T he
c om plexe s of T O Ma nd TI Ma re n ot o nly re8pO n-
sit)1e fortr a nspo rt of the tl nfolded protein but al畠O
ha v eaLddit o nal important ta sks like tl nfolding of
the molec u18 prior to import aTld re storation ofthe
te rti8.ry alld qtlater n ary Stru cture afte rim port.
V D A C:This Channel is u niqu ein thatitdo esn ot
c on8iBt Out Of a -helice s a 8 m ost Otherio n channels
blltis con si8ting o ut ofβ-8tra nd8 . In this they ar e
r elated to bacterial porin s though the n u rnl〕er of
β18tra nds difers. Li ke for allthe transporters, t,he
D N Aof V D A C i8 n ot in cluded in the mitochorld rial
ge no m though, du e to the pre s e n c e Of a r elated
cha n n el in bacteria, it se e m stO be a nic e s up po rt
for the e ndosym biontic theory. 1t is kn ow n 8ince
s o m etim e that ge nes fr om the mitochondrialgen o m
千葉大学 真菌医学研究 セ ン タ ー 報告 策3巷 1999 45
w e r e-ov ertaken･by the･nu cleus. It is thus not Su r-
prising that we 鵬 re able to sho w at 8 ぷtrO CyteS
that the channel i8 pre s entin the pla s m a m e mbr a ne,
as ふe11(De rmietzel et al. , 1994). It has a size of
30134 k Da and 8 Cem S tO e XiBt..良 in trim eric Stru ctur e.
Single cha nn el c ondllCtan Ce is 8r O und400pS. 1t
shows a pec11 ia r voltage dep8nden ce in that the
ope n pr obabilityishighe st a r o und0 m V and decrea se s
to zero betw ee n20and 30rnV in the positiv e a8 W ell
aB in the neg8.tivedir ection . VDA Csho w sdiffere nt
st&1.es of ope nlng With different c ondllCtio n a nd
diffe rent Selectivity forio ns. Se)ve ral blo ckillg Sub-
stan cesand m odifiers Of 首ating ar e known, a mo ng
the m polya nio nB .
OtheTI ChaT mels in the o ute r Tnito choTulrial
m eTnbra ne: Little i畠 kn o wn abolt a further cha n n el
of the otl er m em br a ne thatis c atio n 畠electiv e, has
no v oltage depende n c eand a sl ngle chan n el c o nduc･
tance of abo tユtBOOpS. Fin ally, there is the peptide-
8 e n Sitive chan nel which c an be op8n 8d by v oltage.
工t exhibits s e veral condu ct且n Ce 8t且te S Of 100pS or
higher
.
1
Bcl-2 iB a n a nti･ apoptotic protein that co11 daddi-
tionally･ be pr es ent in the in ner mi七o chondri81
m e mbra ne . T he pllrified rec ombinant Bcl-2protein
e xhibited ion cha n nel beh8.Viollrin fltlX m e a8 ure-
mentB aS W ellasin bilayer e xperim ents while a
mlltant Which is misBing tw o co r ehydr ophobia a-
helic e sdidn ot(Sche ndel et al. ,
cha n nel c o nductan c e 畠e e皿 S tO
KCl tho ugh1arger c ondtlCtan C eS
lo ok昌 aS ifthe cha n n el a cts as 8
Io n channols
1997). T he single
be18pS inO.5 m M
w e r e prese nt. It
.din er.
in the inn e r mito chondria]
m 8hlbr a n o
108-pS chaTin-el:The fir stio n chan nelbeing Sho wn
in the inne r mitocho ndri alrnen br an e w a.ら a108pS
aniムn cha n nel(So rgato et al. , 1987). It is fo u nd in
liv er, bro wn fat, hea rt and othe r tissue s. Depola-
ri組 tion incr e a s e 昌its ope npr obability. It iB Pe r m e-
able mainly to CI
-
-ions, to mtlCh les s e r e Xtent also
to sqlphate, phosphate or1,2,3 be n z e netricaLrbo xy-
late(in this order)and almo st
5I)enzenetric arboxylate. A hig】1
a nhighopen pr obability. T he
ed by the dye Cibacro ne Blue,
o ni8t Pr OpranOlol, and by the
46
h per me ab le to1,3,
pE i8 in fa vou r of
cb8.n l el Ca nbe blo ck-
theβ- r e c eptor a ntag-
dihydrop yridine-ty pe
Ca丑＋ ･chann el a nt8.gO ni8t且 nifedipine o r nigtl dip ne
(Borecky et AIつ 1997). Allof thesefindings ar e in
go od agr eem e nt with obsorv atio n8 at the in n er
mitocho ndrial anio n cha n nel(IM A C;Be a vis, 1992).
W 8 tht1S n o waB Btlm e that108pS cha n n el a nd IM A C
are tw odifferent n8皿 自白 forthe 姐 m eprotein . o n e
described by electrophy8iologi8t5 且nd the other by
biocheniβtS.
Anio n cha nTiels in mitocho ndT.ia a/ ye a st cells :1n
mitocho nd ria of v ario118 Str ain s 0f Sa ccharo myces
cer evisiae tw o differe nt ty pes of
ha v ebeen deBCrib8d in the in ner
s m aller o n e with a sITlgl¢ chzlnel
ap pro xim ately45pS a nd tllelarger
a nio n cha n nels
m 由Ibr a n8, the
c o nductanc e of
o ne with m ore
than 450pS(both m e as ured in150m M K Cl･, Ballarin
8nd 5orgato, 1995
cha nnels is Similar.
v olt∈唱e insen畠itive,
depolarizatio n 8 nd
;1996). Selectivity of both
W hile the 与m aller cha n nel i畠
the larger W a 8 Open ed by
8ho w 8d otltW a rd r8Ctific atio n.
T he B n aller cha nrlel w asblocked by A T P with a n
ICsqof 240EL M while the larger o ne w aslocked
by A T P in the open 8tate both at po8itiv e 8nd
Tl egativ e pot8 ntial臥 In both c a8 e8the effect w a s
n ot m edia.ted by Mg
2 ＋
.
K▲℡ J a n n el:Inol e et al. (1991)fotlnd in mitoplasts
prepa red fro m r at liver mito chondria the 8 Ofar
s m al18St ion ch n nel dete cted illthes e Orga nelleB. 1t
is a potassilJm Cha nn el with 且 81ngle-cha n n elcondtlC-
ta nc e of lOpS (100m M K' in the pipette vs . 33m M
K'in the bath
,
inside/o ut c o ndition s). Itispa rtially
blocked by A T Pa.t the matrix side in the abse nce
of Mg
B'
with a nICsDOf 80LLM . 5 m M 4- amin op yridine
a s wellaB5LLM glibencla mide(blo cker of the A(A T ,I
ch an nelin the plasm a m e mbr an e)c a u s ea c o mplete
blockade,
K(eh) -Cha TWLel:In the inn er m e mbr8.ne Of the
glio m a cell lin esL N 229a nd L N 405w 8found rec e ntly
a calciu m-activated pota8Sitl m Cha nn el. This cha n n el
ha白 a Bimgle -cha n nel condu cta nce of 295±18pS in150
m M I(CIsolutio n8 0n either side . Open pr obability
in c r e as ed with a E C5DOf O.9 ELM [Ca2 ＋] at60m V
and w a s Stro ngly v oltage depe nde nt(a depolariz ati
on by10･5 m V ca us ed an e-fold in c re a s e). C ha ryb-
dotoxin blocked the cha n nel wit h a nIC8D Of l.4 n M ,
Als o this blo ck w as VOltage dependent. A l these
cha ra cteristic spoint to aB K-ty pe potassill m Chan n el
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which had not beend鴨 Cribod in a ny other mito-
chondri8 befo re.
Pc r m e ability Tr a nsition Po re :The largest io n
cha nn el of the mitocho ndria is cle arly the per m ea-
bility tr a nsition pore (P T P) with 8ingle- channel
c o nducta nce B e=C 8 edingl･2nS. It m ay be activ &t8d
by Ca
B.- and by depolarizing v oltages. AIs o As O.
h色白 an a ctiv atinginfltle nC e. T he activity ofthe PTP
is ch racteriz母d by a n e n or m ollBnl皿 ber of8 ub畠tateS
with differe nt s m aller c o ndtlCta nCeBI Cyclspo rin A
inhibits 881ectiv oly at co nce ntratio nsin the r a nge
of lOl白 ･10■=7M(Sz aba aTld Zoratti, ユ991). It m ay be
&1B Oinhibited by la nthanides, & miod&r o ne, pr oto ns
at the m atrix side, by the activity of Bcl･2or by
th㊤ pres en ce of A D Pwhile r8 a Ctive o xig8n Species
(ROB)Bee ntO ha ve a n& ctiv &ti喝 influenc e.
OtheTI ChaTLneL8 in the ITin eT･ mlto eho ndrial Tn e m_
bra n e :Integr al m e mbra n etr a nsport pr OteiEL昏, bio -
chemic ally dBfin8d a8 C arrie s a nd phy inlogic ally
m ediating the electro netltr &1 8ympOrt Or a ntiport
m ay fu nctiorlu nder artific alco nditions 8 S a n8 niQn
ch8 n n Bl･ Su ch beha vior has beeTl r8pDrt8d for the
A D P/A T P- c a r rier, PiC a r rier, gluta m8t8/aBPartate -
c 8 rier a nd the tln C O uPling pr ot血 (SeeBorecky et
al. , 1997). M ore cha n nels have bee n reported but
to olittle iskn o w n abotlt them that w otl djustify
a n e xte nsio n of this li卓t.
Fu n ctio n of mitocho ndrial ion cha n n els
A phy8iological ftlnCtioTI W &B propo sed o nly for
8 O m eOf the ioII Cha n nels. T he m atter see m 白tO be
cle ar with TIMa,nd T O Mwhose m ain fu nction
see m 8 tO be pr otein import and related tasks.
Re18.ted to this m ay be the prese n c eOfthe peptide一
Se nsitive cha n nel. As S m all io n s m ust be able to
e a8ily cro ss the o uter m e mbra ne afu nctionfor the
V D A C畠ee m 8 Clearbutit rem ain s a n ope n questio n
why it c8.a Clo且e at all and if it does B O unde r
physiologic al c onditio ns.
As the m e mbrane pote nti8.1 of mitocho ndria iB
very negative, a nio ns a redriven o lt. T htlS B組 ViB
(1992) sug gested that the fun ctio n of thelO8･pS
chann el c o uld be a role during the c ontra ctile pha s e
Df v olu m e ho m e ostasis tho喝 h this has n ot be 8 n
te8ted. T he s a m efu nctio n w as S ug gested by Sorgato
et aL (1995)fo r the45pS- arlio n cha nrl el in ye ast
mito chol一dri且 . 1n co ntrary to BeaviB the se a utho r s
m e ntio nthe po8由bility of a 8 afega rd ftlnC七ionfor
m e mbr a nepote ntial of thelO8pS dlann el o n the
basis of its a Ctivatio n by depolar 血 tion or by
high p冗.
No c18 ar e videncefor apo 8白ible fu nctio n e xists
forthe K▲･ppch m el. Its ope nirig w otl dr白dtlCe the
m 8 mbr an 8pote nti氏l. Ho w ever. a loB畠 Of the m e m-
bra n epotential u nder the C Onditio n of lo w A TP
Shotld be dcleteriot18. T he other potassiu m cha n nel
is c alciu m- a nd voltage activ ated like the P T P. W白
sttldied itin glio m 8. C ells at the 弧 m etime a畠th8
P T P in hepato 皿 a Cells. No ne of the cells 弼 med
to co ntain the Other chann el. As 畠O m e r88e arChBrS
do ubt that nerv e c ells contain the P T Pw e sp8C ul乱tC
that glio m a cells c olユ1d b8h8 Velike rlerV e C el18 a nd
thi昌 Ch nn 8l w ouldplay a role in &popto 8is .
T he P T P is cle arly c o nn ectedto 叩 OptO 8iBa(ro¢m er
et al. , 1998). Together with the BA R- protein, the
A D P/A T P-tra n81o cator, a nd the B Oluble matrix
pr otein cyclophiline D it for ms a c o mplexin v olviTlg
in ner a nd outer m e mbr a ne. A close CO n ne Ctio n 名ee m S
to e xist also witll the V D A Cof the outer m e mbr a ne.
Critical 8V e ntB in apoptc>Bis are th8 relea B e Of
cyto chr o m e cfr o m the mito chorld rial m 8 mbrane
cleft
,
the dis 8ipation of the potentialacr oB8the
in ner m e mbr a ne, a nd the incr8 a白eOf inter nal Cal＋ .
Allof the白e e v ents C Oi mi de with open mg of the
PTP･ T here 8r8 alsoindicatio nsthat r eactive oxy gen
SpecieB(R OB) ca niTldtlC e apOptO昌iB and that RO S
ope nthe P T P･ T hu sthe P T PSee ms tO be aimpor-
tant prom otor of apopto畠i8 .
In c oncltl畠io n, the fll nCtion of the ion ch8.nn e18 in
mitcho ndria a r8 Only rudim entarily llnderstood.
En orm otl白 effo rtis n eces s ary to get a m ore co tTlp ete
vie w of the eve nts taking pla ceduring mito cho ndrial
activity.
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